Abstract: Pulmonary hypertension (PH) and right ventricular function are the focus of cardiovascular effects of bronchopulmonary dysplasia (BPD). We assessed cardiac indexes reflecting systemic afterload and pulmonary venous back pressure as pathophysiologic factors. Cardiac parameters were measured by conventional echocardiography in 20 preterm infants with severe BPD and compared with those of 10 preterm infants with no BPD and 20 healthy term infants. In infants with severe BPD, PH was noted in 5 (25%) by tricuspid regurgitation Doppler jet ≥2.8 m/s and in 15 (75%) by time to peak velocity/right ventricular ejection time <0.34. Among systemic cardiac indexes, significant impairment of diastolic measures was noted in the BPD group compared with infants with no BPD and term infants. The significance persisted after adjusting for gestational age and birth weight. These included transmitral E/A ratio (1.07 ± 0.07 vs. 0.91 ± 0.04 vs. 0.89 ± 0.09; P < 0.0001), isovolumic relaxation time (68.8 ± 3.9 vs. 58.5 ± 7.8 vs. 54.2 ± 5.7 ms ; P < 0.0001), mitral valve stroke volume (4.7 ± 0.7 vs. 5.6 ± 0.6 vs. 5.9 ± 0.1; P = 0.002), and myocardial performance index (0.33 ± 0.05 vs. 0.28 ± 0.01 vs. 0.27 ± 0.05; P = 0.03). Left ventricular output was significantly lower in the BPD cohort (183 ± 45 vs. 189 ± 9 vs. 191 ± 32 mL/kg/min; P = 0.03). Altered systemic (left-sided) cardiac function was noted in infants with BPD, which may lead to pulmonary venous congestion contributing to a continued need for respiratory support.
Bronchopulmonary dysplasia (BPD) is the most common and most significant respiratory complication of preterm birth, with an incidence of about 60% in infants ≤25 weeks gestational age (GA). 1 It is associated with prolonged hospitalization, the need for home oxygen therapy, and hospital readmissions during infancy and beyond. A proportion of these infants develop pulmonary hypertension (PH), which may increase the risk of mortality. 2 Among infants with severe BPD, the reported incidence of PH is between 15% and 58%. [2] [3] [4] Although cardiac catheterization is the gold standard to accurately measure pulmonary pressures, the assessment is generally made noninvasively with echocardiography (ECHO) using various markers, such as tricuspid regurgitation jet velocity (TRJV), pulmonary artery Doppler (time to peak velocity/right ventricular ejection time; TPV/RVETc), and flattened or bowed interventricular septum (IVS). Pulmonary hypertension complicating BPD is generally the end result of a variety of pathophysiologic processes. The assessment and therapy are almost exclusively focused on decreasing pulmonary vascular resistance (PVR) and increasing pulmonary blood flow (PBF). 2, 5, 6 The contribution of the left-sided (systemic) circulation toward BPD pathophysiology is poorly understood. A small number of investigators have previously noted impaired left ventricular (LV) function or systemic hypertension in infants with BPD. [7] [8] [9] [10] [11] Mourani et al. 8 first
reported on the contribution of LV hemodynamics on BPD pathophysiology. The identification and treatment of LV diastolic dysfunction were accompanied by a significant clinical improvement. 8 It was postulated that the elevated left atrial (LA) pressure may lead to pulmonary venous hypertension (and subsequently may contribute to the development of pulmonary arterial hypertension). PH is a wellrecognized complication of BPD. It is classified separately in the Panama Classification of Paediatrics Hypertensive Vascular Diseases and, among pathophysiology, includes diastolic dysfunction. 12 The European Society of Cardiology Guidelines categorized patients with PH into groups based on the underlying disease process. 13 This classification includes chronic lung diseases and, separately, patients with LV systolic/diastolic dysfunction. In adults, PH is very common among patients with left-sided cardiac disease (>60% of patients with LV systolic dysfunction and >80% of patients with LV diastolic dysfunction). 14, 15 Left-sided structural heart disease or other nonstructural conditions (systemic hypertension, coarctation of the aorta) have all been reported in association with PH. 16 Systemic hypertension and aortic wall thickness have been noted in infants with BPD and may contribute to elevated systemic afterload. [10] [11] [12] 17 We hypothesize that systemic cardiac dysfunction (especially diastolic dysfunction) may be present in infants with BPD. This may contribute to ongoing respiratory morbidity by way of increasing the back pressure pulmonary venous effects. The objective of this study was to ascertain the left-sided cardiac function in infants with severe BPD using conventional ECHO.
METHODS
This cross-sectional study with detailed echocardiographic assessments was conducted at a busy perinatal center with a capacity of 58 beds (28 with ventilation support). Approximately 160 infants with very low birth weight (<1,500 g) are admitted annually; half of these infants have extremely low birth weight (<1,000 g). The enrollment was consecutive and took place over a 1-year period. There were no cases of refusal of consent. Twenty preterm infants (≤28 completed weeks GA and birth weight <1,000 g) were evaluated at 36 weeks corrected GA if they fulfilled the diagnostic criteria for BPD (group 1). For the infants born at <32 weeks GA, the Australia and New Zealand Neonatal Network (ANZNN) defines BPD as lung disease with ongoing requirement for supplemental oxygen therapy or ventilation support (high-flow oxygen, continuous positive airway pressure, or mechanical ventilation) at 36 weeks postmenstrual age. All the infants belonged to the severe BPD category (need for ≥30% oxygen and/or positive pressure at 36 weeks postmenstrual age). 18 None of the infants were intubated and given mechanical ventilation at the time of the study. They were compared with preterm infants with no BPD (group 2) and healthy, asymptomatic term infants in the postnatal ward between 2 and 5 days of life (group 3). Infants with congenital malformations, chromosomal abnormalities, or born to mothers with diabetes were excluded. In this busy perinatal center, preterm infants not needing respiratory support are transferred to step-down units unless residing locally, which limits access to the non-BPD population. The study was approved by the institutional research ethics board, and informed parental consent was obtained. Baseline neonatal characteristics, including GA and weight, mode of delivery, and common neonatal morbidities were recorded. Noninvasive blood pressure measurements were obtained using an appropriate-sized cuff on the right arm with the infant in a quiet state and positioned supine in a cot at the level of the sphygmomanometer (model M3046A; Philips, Boeblingen, Germany). The average values of two readings were recorded.
Echocardiographic assessments
Detailed ECHO was performed by a single operator (A.S.) using the Vivid 7 Advantage cardiovascular ultrasound system (GE Medical Systems, Milwaukee, WI) with 7.5-and 10-MHz high-frequency probes. Table 1 describes the various parameters and their roles in the assessment of various aspects of cardiac function. The TPV/RVETc ratio is inversely related to pulmonary artery pressure. 19 The IVS septal position was graded as <50% of the systemic pressure (round septum at end systole), ≥50% but <100% of the systemic pressure (end-systolic flattening), and ≥100% of the systemic pressure (endsystole bowing into the left ventricle). 20 The aortic cross-sectional area was measured from the left atrial/aortic ratio images following a continuous sweep from the left ventricle to the aortic root at a position where the valve cusps were well visualized. 21 The E wave deceleration time (EDT) was measured from the maximum E point to the baseline. Left ventricular diastolic dysfunction was characterized by increased E/A ratio, prolongation of EDT and isovolumic relaxation time (IVRT), and impaired pulmonary venous and mitral flow. End-systolic wall stress (ESWS) was assessed as a measure of afterload. 22 All pulse wave Doppler measurements were calculated from the average of three consecutive cardiac cycles. Doppler analysis of all four pulmonary veins was performed to rule out pulmonary vein stenosis. The infants were not sedated; the unit prefers swaddling, dummy, and sucrose instead.
Statistical analyses
A convenient sample of 50 subjects was chosen due to the exploratory nature of this study. We assessed the effect of group (BPD, no BPD, and control) on cardiac parameters via general linear regression models with group as a categorical variable. To assess the independent effect of group on outcomes, analyses were further adjusted by including GA and birth weight as covariates in the regression models separately as well as together. Post hoc comparisons were performed using Bonferroni adjustment for multiple comparisons. Comparisons of proportions were made using Fisher exact test. Correlation between mean velocity of circumferential fiber shortening (mVCFc) and ESWS was assessed by Pearson product-moment correlation coefficient. Continuous variables were summarized using means and standard deviations (SDs). Categorical variables were reported as counts and proportions. All calculated P values were two tailed. P < 0.05 indicated statistical significance. Analyses were performed with SAS software, version 9.4 (SAS Institute, Cary, NC).
RESULTS
Twenty infants were enrolled as BPD subjects (group 1). Table 2 depicts salient demographic characteristics of the whole population. Nine (45%) of the infants in the BPD group were treated for a patent ductus arteriosus in the first 4 weeks of life; none needed surgical duct ligation. Fifteen (75%) were discharged from the hospital with home oxygen support. All except 2 infants were receiving oral diuretics (a combination of chlorothiazide and spironolactone), which is a fairly standard practice in the unit. The average time between receipt of an oral diuretic and the echocardiographic assessment was 6 hours. Of the 20 infants with BPD, 8 had capillary gas tests performed on the day of the echocardiogram. All had compensated mean (±SD) pH (7.34 ± 0.03) and acceptable CO 2 levels (52 ± 4 mmHg). In this cohort, only 1 infant received systemic steroids 1 week before the echocardiographic assessment. The unit practice is to administer systemic steroids only to facilitate extubation. The GA and birth weight among preterm infants with and without BPD was comparable. Systolic, diastolic, and mean blood pressure were higher in the infants with BPD. Among infants with BPD, 5 (25%) had TRJV ≥2.8 m/s, and 2 each had flattened or bowed IVS. 2 On pulmonary artery Doppler examination, TPV/RVETc <0.34 was noted in 15 cases (75%). Table 3 compares systemic cardiac parameters among the study groups. Diastolic function parameters (E/A ratio, IVRT, Tei index, EDT, and pulmonary vein flow) were significantly altered, suggesting impaired cardiac relaxation (diastolic dysfunction) in group 1. The significance persisted after adjustment for GA and birth weight. Among systolic parameters, fractional shortening was comparable, although load independent marker (mVCFc) was significantly impaired. Figure 1 depicts the significant negative correlation between mVCFc and ESWS in the infants with severe BPD (r = −0.74, P = 0.0002). A higher ESWS (surrogate for afterload) correlated with a lower mVCFc (contractility). A small patent foramen ovale was noted in 7 infants with BPD, and all had a peak velocity of >0.5 m/s (restrictive). Among those with closed foramen ovale, 5 of 13 had bowing into the right atrium. Shunt was either closed or restrictive. A small patent foramen ovale was noted in 8 control subjects, with bidirectional low-velocity shunt in 2 of them.
DISCUSSION
Along with precapillary PH and parenchymal disease, LV diastolic dysfunction may contribute to BPD pathophysiology. These alterations may contribute to pulmonary venous congestion and pulmonary edema, leading to reduced lung compliance. We noted impaired relaxation (diastolic dysfunction) and contractility (mVCFc and myocardial performance index [MPI]) with preserved conventional parameter (fractional shortening). The diastolic dysfunction in our cohort was characterized by abnormalities in transmitral measurements. These included E/A ratio, lower mitral stroke volume and EDT, and elevated MPI and IVRT. These may suggest elevated LA pressure and were accompanied by reduced pulmonary venous flow. These ECHO features may support the postulation of postcapillary pathology as a contributor to the overall BPD pathophysiology.
Evidence from adult literature
Postcapillary pathology, whether organic (pulmonary venous occlusive disease, mitral valve disease, or aortic valve disease) or functional (LV systolic or diastolic dysfunction), may contribute to the transudation of fluid across the intrapulmonary capillary beds and may represent an "edemagenic" factor in BPD affecting compliance, prolonging the need for respiratory support, 14, 15, 23 and guides therapeutic options. The standard vasodilator testing (increasing PBF) runs the risk of development of acute pulmonary edema and sudden respiratory compromise in this group. Of note, patients with PH secondary to mitral valve disease have been excluded from the clinical trials evaluating the current vasodilator therapies. 16 The patho- Note: Except where otherwise noted, data are mean value ± standard deviation. BW: birth weight; GA: gestational age; group 1: preterm infants with bronchopulmonary dysplasia (BPD); group 2: preterm infants with no BPD; group 3: term healthy infants; PDA: patent ductus arteriosus.
a Group 1 versus group 3 is significant (P < 0.05). b Group 1 versus group 2 and group 1 versus group 3 are significant (P < 0.05).
genesis of BPD is multifactorial. This consists of precapillary pulmonary hypertension and parenchymal abnormalities (compounded by oxygen toxicity and baro/volutrauma). We propose that postcapillary pathology may have an important bearing where elevated systemic afterload and LV diastolic dysfunction (with accompanied elevated LA pressure) may lead to pulmonary venous congestion and edema, providing the postcapillary component. In a recent study involving infants with BPD, Khemani et al. 2 highlighted the alteration in catheter-measured pulmonary capillary wedge pressure after nitric therapy at 80 ppm or 100% oxygen. In 7 (58%) of 12, a net increase in wedge pressure was noted after nitric therapy, an overall increase from 10.8 ± 3.1 to 11.6 ± 4.1 mmHg. In 6 infants, a net increase was noted with 100% oxygen (overall from 10.8 ± 3.1 to 11.5 ± 3.9 mmHg). Although this increase was not significant enough to cause clinical deterioration, the expected improvement with pulmonary vasodilatation did not materialize. This could be multifactorial; pulmonary capacitance, left heart compliance, or both could be contributory to a variable extent. The signs and symptoms of postcapillary pathology often mimic those of primary lung disease of BPD. Clinical cues could be persistent late pulmonary edema despite aggressive diuretic use or worsening pulmonary edema in response to PH treatment with vasodilators. LV dysfunction in the infants with BPD has suggested a role of decreased compliance and increased filling pressure in the pathogenesis of increased interstitial fluid. 24, 25 Melnick et al. 24 studied patients with BPD who were 2-7 months of age and noted ECHO evidence of elevated LA pressure, suggesting diminished compliance. Mourani et al. 8 reported infants with severe BPD in whom LV diastolic dysfunction contributed to clinical abnormalities, including PH and recurrent pulmonary edema. 8 These hemodynamic alterations seem to be physiologically plausible contributors to disease pathology. We noted alterations in multiple ECHO parameters, which supports the relevance of systemic diastolic dysfunction in BPD pathophysiology. PH can develop with preserved ejection fraction, underlining the importance of assessing and monitoring diastolic function. In adult patients with PH, heart failure with preserved LV ejection fraction is noted to be the most common cause, the common link being an impaired diastolic filling. 26 Usefulness of MPI in infants with BPD and preschool survivors of BPD has been noted. 7, 27 In our cohort, the conventional measure of contractility (fractional shortening) was comparable between the 3 groups, in contrast to load-independent measure (mVCFc), which was reduced in the BPD subjects. The mVCFc also correlated with elevated ESWS (surrogate measure of LV after- 
Mechanism of development of LV diastolic dysfunction
A high incidence of systemic hypertension has been noted in the infants with BPD. [9] [10] [11] The metabolic function of the lung circulation is also impaired (lack of pulmonary clearance of circulating noradrenaline across the lung). 28 Aortic stiffness has recently emerged as a possible pathophysiologic factor that may additionally contribute to elevated afterload. 17 It is postulated that systemic hypertension (and aortic stiffness) over a period of time may generate enough LV afterload to cause left-sided hemodynamic alterations for the back pressure cascade to increase pulmonary venous pressure leading to pulmonary edema. This has been noted in adults with chronic obstructive pulmonary disease, where arterial stiffness is a strong predictor of cardiovascular events and is independently associated with the severity of the disease. 29, 30 Systemic hypertension, aortic wall stiffness and compliance, and preterm myocardial maturation issues may provide a multifactorial effect in our cohort of preterm infants.
Physiology-based therapeutic approach: potential for after-load reduction
Postcapillary PH component is relevant in BPD pathophysiology to guide monitoring and therapy. function. 31 In adults, the cornerstone of therapy for patients with PH and accompanying LV dysfunction includes systemic (left-sideacting) beta-blockers, angiotensin-converting enzyme inhibitors, and aldosterone antagonists. These reduce LV afterload and improve diastolic properties, leading to lower LA pressure with a corresponding reduction in pulmonary back pressure. Neonatal and pediatric experience with these strategies is limited. Mourani et al. 8 described two infants born at 28 and 24 weeks GA, respectively, where the strategy of systemic afterload reduction was successful. The PH and ECHO features of LV diastolic dysfunction had not improved with diuretics and inhaled nitric oxide (pulmonary vasodilator). Milrinone, followed by ongoing captopril led to clinical improvement and subsequent extubation; echocardiogram findings normalized, and no further hospital admissions were required. In the second case, the addition of captopril improved pulmonary edema, decreasing the need for oxygen, diuretics, and steroids, with no further hospitalizations.
The overall small number of infants (especially in the group of preterm infants without BPD) is acknowledged. As a unit policy in our perinatal referral center, preterm infants, once no longer receiving respiratory support, are transferred to level II units (unless in local catchment). Analysis was adjusted for GA and birth weight separately and GA and birth weight together to address this. The infants were not followed up with serial ECHO to assess the evolution of the disease process. Our institution does not have the facilities for invasive catheterization, and bedside ECHO was used as an easily accessible, noninvasive, and commonly used tool.
BPD is considered to be predominantly an airway and parenchymal disease with contribution from PH. We propose that close cardiac function monitoring be included in the assessments, because it may assist with the clinical management and improve outcomes. Relevant therapeutic options need prospective analysis.
